The solvation structure of metal ions is essential to understanding their reactions in solution. Large-angle X-ray scattering (LAXS), neutron diffraction (ND) and extended Xray absorption fine structure (EXAFS) are powerful methods to determine the solvation structures of metal ions in pure solvent systems. Although the solvation structures have so far been elucidated for various metal ions in pure solvents, 1-5 those in mixed solvents are still little known. This is because it is hard to distinguish oxygen and nitrogen donor solvents by LAXS and EXAFS methods. [6] [7] [8] In order to overcome this problem, we have developed titration Raman spectroscopy. Because N,Ndimethylformamide (DMF) and N,N-dimethylacetamide (DMA) are both oxygen donor-solvents, it is thus difficult to distinguish them by means of LAXS and EXAFS. These solvent molecules have their own normal vibrations, and the frequencies shift upon coordination to a metal ion. Thus, it is possible to distinguish solvent molecules bound to the metal ion and to determine the individual solvation number by Raman spectroscopic measurements. To do this, we developed an on-line titration Raman spectroscopy system.
Introduction
The solvation structure of metal ions is essential to understanding their reactions in solution. Large-angle X-ray scattering (LAXS), neutron diffraction (ND) and extended Xray absorption fine structure (EXAFS) are powerful methods to determine the solvation structures of metal ions in pure solvent systems. Although the solvation structures have so far been elucidated for various metal ions in pure solvents, [1] [2] [3] [4] [5] those in mixed solvents are still little known. This is because it is hard to distinguish oxygen and nitrogen donor solvents by LAXS and EXAFS methods. [6] [7] [8] In order to overcome this problem, we have developed titration Raman spectroscopy. Because N,Ndimethylformamide (DMF) and N,N-dimethylacetamide (DMA) are both oxygen donor-solvents, it is thus difficult to distinguish them by means of LAXS and EXAFS. These solvent molecules have their own normal vibrations, and the frequencies shift upon coordination to a metal ion. Thus, it is possible to distinguish solvent molecules bound to the metal ion and to determine the individual solvation number by Raman spectroscopic measurements. To do this, we developed an on-line titration Raman spectroscopy system.
In recent years, we have so far investigated the thermodynamics and structures of a series of various metal ions in N,N-dimethylacetamide (DMA) from the view-point of the solvation steric effect, because it leads to a significantly enhanced stability of metal complexes in solution. [9] [10] [11] [12] Because both DMF and DMA are aprotic and strong electron-pair donating solvents, they strongly solvate the metal ion to form an octahedrally six-coordinate solvate ion in pure solvents. Although both solvents have practically the same electron-pair donating capacities, the complexation of a metal ion in these solvents shows a quite different behavior owing to the solvation steric effect of DMA. The magnitude of the solvation steric effect depends on the number of DMA molecules in the primary coordination sphere. Here, as a first step of our approach, we examined the individual solvation number of the nickel(II) ion in DMF-DMA mixtures.
Experimental
Reagents N,N-Dimethylformamide and N,N-dimethylacetamide solvates of nickel(II) perchlorate were prepared by dissolving the hydrates in each solvent, followed by repeated recrystallization. Hydrates of nickel(II) perchlorate were prepared by dissolving nickel carbonate into perchloric acid, followed by recrystallization from water. The DMF and DMA solvate crystals were dried in a vacuum oven at 327 K. N,NDimethylformamide and N,N-dimethylacetamide were dried over molecular sieves, 4A 1/16, for several weeks and distilled at 303 K and 400 Pa. All chemicals and solvents used were stored and treated in a dry box over P2O5. The concentration of metal ion in the nickel(II) perchlorate stock solution was determined by titration with the BT indicator.
Titration Raman spectrophotometry
In order to determine the individual solvation numbers around nickel(II) ion in DMF and DMA mixtures, the Raman spectra of Raman spectroscopic measurements were carried out with a fully automatic titration system, combined with a Raman spectrometer (JASCO NR-1100) and an argon ion laser (NEC GLD 3200), developed in our laboratory (Fig. 1) . A personal computer (NEC PC-9800 BX) was connected to a Raman spectrometer and an auto burette (Kyoto Electrics KEK APB-410) through the RS-232C port, and to a Teflon pump through an extended relay board. A 5-mmφ silica tube was employed as a Raman flow cell (Fig. 2) , which was connected to a titration vessel through Teflon tubes and a Teflon pump. A solvent mixture containing 0.4 mol kg -1 nickel(II) perchlorate was placed in a titration vessel and titrated with a solvent mixture not containing the electrolyte by using an auto burette under an argon atmosphere. The titration procedure was repeated 15 -20 times and the Raman spectrum was recorded at each titration point with an optical resolution of 5 cm -1 and a laser power of 300 mW (514.5 nm).
Curve fitting procedure
The Raman spectrum observed over a given frequency region was deconvoluted into a few single Raman bands, each of which is represented as a pseudo-Voigt function ( fV(ν)), consisting of Lorentzian and Gaussian components, fL(ν) and fG(ν), respectively, as follows:
where h, ν0 and ω stand for the peak height, the frequency at the peak and the half width at the half height of a single band, respectively. γ is the fraction of a Lorentzian component. At a first stage of the analysis, all of the Raman band parameters were refined. In the case of a dilute solution, however, γ of a bound peak of nickel(II) ion could not be successfully optimized because of its large uncertainty. Therefore, γ was fixed to those obtained for the highest nickel(II) ion concentration throughout the analysis. Typical values of γ are 0.58 and 0.1 for free and bound DMF, respectively, and 0.65 and 0.43 for DMA. The intensity (I) of a single thus-extracted Raman band is calculated as
where IL and IG denote the integrated intensities of the corresponding Lorentzian and Gaussian components, given as
The νL and νH denote the lowest and highest frequencies of an integral, respectively, and erf(ν) = exp(-t 2 )dt. A nonlinear least-squares curve fitting program using the MarquardtLevenberg algorithm, 13, 14 RAMCAL developed in our laboratory, was used for the analysis.
Results and Discussion

Raman spectra of nickel(II) perchlorate DMF and DMA solution
The Raman spectra of DMF and DMA with and without nickel(II) perchlorate are shown in Fig. 3 over a frequency region of 600 -1000 cm -1 . In this region, the perchlorate ion shows two bands at 620 and 933 cm -1 , attributable to the normal vibration modes of ν4 and ν1, respectively, and an additional band at 911 cm -1 , which is assigned to the overtone of the ν2 vibration (455 cm -1 ). 15, 16 Pure DMF in Fig. 3(a) (the dotted line) shows bands at 660 cm -1 and 866 cm -1 , which are assigned to the in-plane bending δ(O=C-N) and symmetric stretching ν(N-CH3) vibrations, respectively. 17, 18 A nickel(II) perchlorate DMF solution (the solid line) shows a new band at about 694 cm -1 , which is assigned to the δ(O=C-N) vibration of DMF bound to the nickel(II) ion. In fact, the band shows a metal-ion dependence. The δ(O=C-N) band is thus used to determine the solvation number of DMF, as discussed below.
Similarly, pure DMA in Fig. 3(b) (the dotted line) shows bands at 740 and 960 cm -1 , which are assigned to the symmetric stretching ν(N-CH3) and ν(C-CH3) vibrations, respectively. 17, 19 A nickel(II) perchlorate DMA solution (the solid line) shows a new band at 753 cm -1 , which is assigned to the ν(N-CH3) vibration of DMA bound to the nickel(II) ion, and is thus used to determine the solvation number of DMA. 
Determination of solvation number
The Raman spectra of nickel(II) perchlorate DMF and DMA solutions in the 600 -725 and 700 -800 cm -1 region, obtained by varying the concentrations, are shown in Fig. 4 . The band intensity of the solvent bound to the metal ion increases with increasing concentration of nickel(II) perchlorate in solution. No significant change in the frequency and half width is found for both bands assigned to the bulk and bound solvents with increasing concentration of nickel(II) perchlorate. This implies that the δ(O=C-N) and ν(N-CH3) vibrations of solvent molecules weakly interacting with the perchlorate ion, or present at the second coordination sphere of the nickel(II) ion, remain practically unchanged. Therefore, during the course of a following quantitative analysis, we classified the solvent molecules into two groups, free and bound, corresponding to Raman bands observed at the lower and higher frequencies, respectively. Bound does mean solvent molecules bound to the metal ion in the first coordination sphere, and the other free solvent molecules not bound to the metal ion, i.e., those in the bulk, weakly interacting with the perchlorate ion, or present at the second coordination sphere of the nickel(II) ion.
Typical results of a curve-fitting analysis are depicted in Fig.  5 . As can be seen, the observed spectra are well reproduced by three pseudo-Voigt functions for DMF and two for DMA. The relatively weak band at 680 cm -1 found in DMF cannot be clearly assigned at the present stage, and the sole band at the highest frequency is thus used as the bound band in the following quantitative analysis. The ν1 vibration of the perchlorate ion was used as an internal standard, because the electron-pair accepting capacities of DMF and DMA are weak and similar, i.e., the interaction between the perchlorate ion and these solvents may not be significantly different. The band intensity is thus estimated using Eq. (4), and is finally normalized with that of the ν1 vibration of the perchlorate ion.
According to Irish et al., 20, 21 the solvation number of a metal ion (n) is determined by using
where Ib and If stand for the intensities of the bound and free bands, respectively, Jb and Jf, the scattering coefficients, and CT and CM the concentration of solvent and the metal ion, respectively. As a first step of the approach, we adopted this procedure, but failed. A reliable solvation number was not obtained, because it was difficult to estimate the intensity of the bound peak with accuracy. Thus, in the second step, we used
Because CT is practically constant during titration, If may change as a linear function of CM as If = αCM + β, to give the product of JfCT as an intercept (β) and the product of nJf as a slope (α). Because the value of CT is known, the Jf and n values are obtained according to Jf = β/CT, and thus n = α/Jf. Typical If vs. CM plots obtained in DMF-DMA mixtures are depicted in Fig. 6 . All experimental points fall on a straight line, and the solvation numbers of both solvents were determined with sufficient accuracy. The solvation numbers of thus-obtained nickel(II) ion in pure solvents are listed in Table 1 , together with those obtained by EXAFS. 22 As can be seen, the solvation numbers obtained by these methods are in good agreement with each other.
Individual solvation numbers in mixed solvents
Individual solvation numbers of nickel(II) ions in DMF-DMA 325 ANALYTICAL SCIENCES FEBRUARY 2001, VOL. 17 mixtures are shown in Fig. 7 , along with the total solvation number. As can be seen, the total solvation number remains 6 in all of the solvent mixtures examined, while the nickel(II) ion prefers DMF to DMA over the range of the DMA mole fraction, x = 0 -0.75. This is ascribed to the solvation steric effect of DMA with an acetyl group in the vicinity of the carbonyl oxygen atom, which binds to the metal ion upon solvation. No solvation steric effect operates upon the solvation of DMF with a formyl group. Indeed, the solvation steric effect of DMA leads to a significantly different complexation behavior of a metal ion in DMF and DMA. [23] [24] [25] [26] To conclude, the individual solvation numbers of the nickel(II) ion in DMF-DMA mixtures have been determined by using a titration Raman spectroscopy developed in our laboratory. This method can be extended to other metal ions and solvent mixtures. The results will provide useful information on the elucidation of relationships between the formation thermodynamics and the structure of metal complexes in nonaqueous solvent mixtures. 
